ABSTRACT A rigid satellite fault diagnosis strategy, subject to faults of external disturbances and thruster faults, is developed. In this design, an equivalent idea is introduced to design a sliding mode observer that can detect and identify the failures indicated previously. Considering the measurability of parameters of the satellite, such as angular velocity and attitude, a sliding mode observer is implemented. Next, the amplitudes of the faults and disturbances can be detected, identified, and estimated via the sliding mode observer; these tasks are accomplished with zero estimation error within a finite period. A sliding mode-based attitude controller is developed using an exponential reaching law that relies on the system states and the corresponding formation of the estimated parameters. The controller not only guarantees the attitude system to be stable but also governs the attitude and angular velocity to converge to zero within a finite period. The good reliability of the proposed controller can be proved via multiple simulation tests.
I. INTRODUCTION
Fault diagnosis (FD) and fault tolerance control (FTC) methods are consistently popular topics in engineering application fields. Zhiwei Gao et al. provided a summary of the fruitful FD and FTC methods and presented their use in different engineering applications fields in recent research papers [1] , [2] . In similar research works, Sliding Mode Control (SMC) is indispensable. More in-depth discussion on how to use SMC technology in control field had been studied deeply in the past [3] . The controller developed by using SMC has great robustness to uncertainty, whether modeling uncertainties or external disturbances. For example, in Shen Yin as well as [4] and [5] of others, whatever for Markovian Jump Systems or switched systems, the stabilization problem for the system with output disturbances, actuator and sensor faults simultaneously are all considered. The uncertainty information can be obtained via an observer, and then the FTC will be done based the observer. For an SMC system design, two design sections, such as sliding surface and controller based SMC (SMCC), are necessary. The system states should reach the sliding surface using SMCC, that is, the expected convergence property can be ensured in the sliding surface [6] , [7] . As a result, the good characteristics of rapid response ability and robustness to uncertain parameters, among others, can be obtained using SMC.
Recently, much work regarding the use of SMC in the application of attitude control of a satellite has been reported. Kurode et al. [7] performed a large-angle attitude maneuver, for the first time, and performed subsequent related work in [8] and [9] . In [10] , a favorable SMC algorithm was used to develop a rigid spacecraft. In the theoretical analysis, the proposed attitude tracking controller considered the issue of external disturbances. In [11] , a sliding mode feedback controller was presented to investigate a rotational maneuver for a flexible satellite. Moreover, an adaptive tracking control issue is also concerned in this field. In the recent references [12] , [13] , the authors not only focus on the nonlinear Hamiltonian multi-input multi-output systems but also focus on a class of uncertain nonlinear systems, the uncertainty of the system are all dealt with adaptive tracking control. The controller was developed based on SMC, and it was verified by applying it to attitude control of a spacecraft. Reference [13] devoted their works to study a tracking controller based an adaptive SMC technology for a flexible satellite, and the issues of inertia matrix uncertainty and external disturbance variability were all considered during the design. In [14] , a disturbance observer was proposed, and an SMC was then designed to improve attitude control performance. A tracking problem was discussed based on higher order SMC in [15] . Considering actuator saturation, attitude stabilization for a spacecraft was investigated in [16] . Zhiwei Gao et al. presented an unknown input observerbased robust fault estimation concept in [17] . This observer could allow an augmented system to eliminate the partial disturbances that could not be decoupled in its own system. Zhiwei Gao et al. presented another fault estimation concept in [4] ; a fault tolerance controller was designed by using the correct estimation error dynamics. In [4] , two SMC observers were presented to realize the uncertainty fault estimation, and the traditional sliding surface switching issue was avoided at the same time.
Most of the former works either focus on the uncertainties in the satellite inertia or focus on the assumption that a precise actuator model exists. This assumption is not perfect because of the uncertainties of the actuator parameters that derive from installation error, aging components, etc. The actuator faults represent the first type uncertainty for an actuator that should be addressed [18] . In addition, the possibility of malfunctions in actuators will be increased because of the challenging operating conditions [19] . This issue will lead to some problems, such as economic, environmental and safety problems. In recent literature reports, an SMC with actuator faults is not yet the research focus. However, not only the reliable attitude stabilization was achieved by an SMC based controller but also an adaptive SMC control approach was proposed. In addition, good attitude tracking maneuvers could be performed [14] . Considering the disturbances and thruster failures of spacecraft, [20] presented another adaptive SMC attitude controller. Considering the unknown faults caused by rotating solar flap faults and weight loss of satellite mass distribution, [21] presented a terminal SMCC(TSMCC) for satellite formations flying. Reference [22] developed an SMCC to accomplish attitude tracking for a flexible satellite, although partial failure of the actuators occurred. In [20] , an adaptive SMC attitude controller was proposed under multiuncertainty of the actuator.
Actuator misalignment is another type of actuator uncertainty issue that was solved in [21] . Some actuators alignment error still exists for some special problems during launch, and this alignment error may cause the control algorithm to fail. To handle actuator misalignments, a good control methodology is required. Unfortunately, the research regarding the control of actuator misalignments is scarce. Reference [25] devoted their work to accomplish attitude maneuver based on an adaptive control law; this idea originated from the relative small gimbals' installation deviation of variable speed control moment gyros. Reference [22] proposed an adaptive control scheme based nonlinear model reference with fifteen degrees alignment errors. Reference [27] presented an extended Kalman filter without uncertain inertia properties for an on-orbit actuator alignment calibration. Focusing on the issue, magnitude error and misalignment of thrust, for satellite formation flying, a special adaptive controller was presented. In addition, some researchers addressed a series of intelligent FD approaches, dislocated time series convolutional neural architecture [23] , and a just-in-time learningbased data driven approach [24] .
Although the preceding SMC attitude control approaches can accomplish attitude maneuvers, the system states can only asymptotically reach the equilibrium point at infinite time. That infinite settling time, however, is not an ideal option during critical phases of missions that have some high real-time requirements [25] . It is well known that a military satellite has the stringent requirements to provide coverage of a specific high priority area. Ground objectives may be lost if the attitude of the satellite cannot be stabilized in a finite period. Therefore, a finite-time control strategy has been devised and applied to the satellite attitude system [26] . Recently, SMC has been developed as an effective method for finite-time stabilization. In [27] , the attitude tracking problem was investigated by using terminal SMC (TSMC). The proposed controller guaranteed that a given desired attitude motion can be achieved in a finite time period, despite model uncertainties and disturbances. In [28] , a discontinuous finitetime control law was devised for a rigid satellite to govern the attitude to be within a small region of the origin. The approach was based on TSMC, and external disturbances were considered. In [29] , a robust TSMC design was presented to achieve attitude tracking deviation convergence in finite-time. In [14] , a TSMC scheme was proposed to guarantee the stabilization of attitude in a finite period. More recently, a global saturated finite-time control strategy was developed in [30] . The controller was synthesized based on a homogeneous method that addresses actuator saturation.
The acceleration direction can be effectively controlled if the satellite is equipped with thrusters [31] , implying that the maneuverability of the satellite can be significantly improved for a satellite operating in space. Motivated by TSMC, a TSMC control strategy was presented. In the control design, external disturbances and thruster faults were exactly reconstructed by an equivalent output injection sliding mode observer [14] . Next, a terminal SMCC (TSMCC) was synthesized via the estimated information and the system states. The main contribution of this study is that, compared with the aforementioned studies associated with SMC or proportional integral derivative (PID) controls, the proposed approach could stabilize the attitude in a finite period, while actuator uncertainties including actuator faults and actuator misalignment are addressed simultaneously. Because the attitude cannot be stabilized by conventional PID and SMC control schemes within a limited time, the finite-time attitude stabilization obtained from the proposed approach means that the designed controller is able to provide a faster response than conventional PID and SMC control. Consequently, the developed control can provide more coverage of a specific high priority area and take many more images than conventional PID and SMC.
This paper is composed of five parts. The rigid satellite mathematical model equipped with thrusters and the problem formulations are presented in section 2. In section 3, an SMCC approach is proposed to perform attitude stabilization with finite-time convergence. Some examples for the satellite to confirm the proposed control are described in section 4. The conclusions of this paper are presented in section 5.
II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION
Let || · || denote the standard Euclidean norm of a vector induced norm of a matrix. I n ∈ n×n is the n-by-n identity matrix. For
denotes the standard sign function.
A. MATHEMATICAL MODEL OF A RIGID SATELLITE
Assuming the satellite is a rigid body, the satellite attitude, which is represented by Modified Rodrigues Parameters (MPRs), mathematical model can be defined via [32] 
where J ∈ 3×3 , u ∈ 3 , and d ∈ 3 expresses the positivedefinite inertia matrix, total control torque, and unknown bounded external disturbance, respectively. For any vector
× is a skew-symmetric matrix:
Remark 1: This case can be found in [33] . Here, we employed the MPRs vector σ and its shadow counterpart σ s , which is defined by σ s = −σ /(σ T σ ), to express the attitude rotation.
Assumption 1: The disturbance d is limited and satisfied
All the primary external disturbance d are bounded for any on-orbit satellite in practice [34] , i.e., Assumption 1 is reasonable. In practice, as given in [34] , the upper bound d max can be conservatively calculated.
B. THRUSTER FAULTS
Assume that the satellite has N thrusters, and the force component can be deduced as follows:
where i = 1, 2, . . . , N and F i > 0, α i , and β i denote the constant thrust level, the elevation angle, and the azimuth angle, respectively. Let r i = r xi X B + r yi Y B + r zi Z B be the vector corresponding to the location of the satellite mass center of the thruster. The calculated formula of the torque component derived from the i th thruster is
Moreover, the application of control torque u provided by N thrusters can be calculated as
In this paper, thruster faults not only include misalignment error but also include thrust magnitude error. The following are descriptions of the nature of the two scenarios:
1) MISALIGNMENT ERROR
For a thruster, misalignment error may exist in r i and the alignment angles α i and β i . Let r n i and r i represent the nominal value and the misalignment error between satellite center and the thruster, respectively. Thus, r i can be expressed as r i = r n i + r i . We assume that the thruster is used over a nominal direction with small constant angles, α i and β i . Consequently, the alignment angle can be represented using the formulas α i = α n i + α i and β i = β n i + β i , where α n i and β n i denote the nominal alignment angle.
2) THRUST MAGNITUDE ERROR
As reported in [35] , the amount of thrust generated will be reduced according to the propellant's mass lost. Let F n and F i denote the nominal value and thrust magnitude error, respectively. Thus, the actual thrust F i can be represented by
For the physical limitation of the thruster, the actual thrust F i generated is positive, and its maximum thrust should meet the conditions 0 ≤ F i ≤ F n . Hence, the error of the thrust magnitude F i is such that −F n ≤ F i ≤ 0. The case when F i = 0 indicates that the i th thruster operates normally. The case of F i = −F n denotes that the i th thruster is completely lost and is valid. The case of −F n < F i < 0 corresponds to the status in which the thrust of the i th thruster partially loses its effectiveness.
Considering the thruster faults, τ i in (5) can be rewritten as
where
From (6) and (8), considering both the magnitude error and misalignment, the total thrust force can be defined by (11) , as shown at the top of this page, which expresses the sum of the nominal values and the thrust error terms.
Where u n ∈ 3 represents the nominal control torque caused by the controller, and u f ∈ 3 represents the faulty torque caused by the two main errors indicated above.
Assumption 2: The faulty torque u f introduced by thruster faults is bounded by a positive scalar u max , i.e., ||u f || ≤ u max .
Remark 2: Because of the physical limitation of the thruster, it should have | F i | ≤ F n . Although the manufacturing technique is finite, the inequality || r i || ≤ ||r n i || can always be guaranteed. Hence, it follows that
Moreover, it can be obtained from (10) that
From (13), Assumption 2 is therefore reasonable because u f is bounded by (13) at most.
C. PROBLEM FORMULATION
The following states are the control objective to be achieved: Consider the rigid satellite attitude system represented by (1)- (2) with external disturbances and thruster faults, design a control input u n to stabilize the attitude in finite-time.
In other words, the attitude σ and the angular velocityσ are governed to zero in finite-time.
III. MAIN RESULT
A sliding mode attitude controller will be presented for attitude stabilization. For the first step of the control design, a sliding mode observer is employed to estimate the external disturbances and thruster faults. The design of the observer is derived from an equivalent control approach. The estimation is accomplished in finite-time with zero estimation error. Next, a sliding mode attitude controller will be synthesized by utilizing the reconstructed information and system states.
A. ESTIMATION OF FAULTS WITH SLIDING MODE OBSERVER
Define a matrix T (σ ) = G −1 (σ ); the following dynamics can be obtained from (1)- (2) with thruster faults (11):
whereJ(σ ) = T T JT , and C(σ ,σ ) = T T JṪ + T T (Tσ ) × JT . The dynamic model (14) is represented by the three properties mentioned below:
P1. The matrix G(σ ) is defined to be the same as [32] :
P2: The matrixJ(σ ) is positive-definite and symmetric. P3: The matrix C(σ ,σ ) and the time-derivative of J(σ ) satisfy the skew-symmetric relationship [10] :
To reconstruct external disturbances and thruster faults, a new variable is defined asū = T T (u f + d). Thus, ifū can be precisely reconstructed, then u f + d can be exactly reconstructed. The problem is thus changed into the estimation ofū. To reconstructū using only system states (i.e., σ andσ ) and the available nominal control u n , a residual vector is defined as
where η is a positive scalar, J t =J(σ )σ , and H 2 (σ ,σ ) = J(σ )σ − C(σ ,σ )σ . Because J t , u n , and H 2 (σ ,σ ) are computable, r(t) can be exactly obtained. Using (14) and P2-P3, the signal r(t) is such thaṫ r = −ηr − ηū (17)
For the linear system (17), a sliding mode observer is proposed using the measurable state r:
wherex 1 is the estimate of r, e =x 1 −r is the estimated error, and λ i , i = 1, 2 are positive scalars. Theorem 1: Consider the linear system (17) with the sliding mode observer (18) . If λ 2 is chosen such that
thenū(t) can be reconstructed exactly in finite-time T r = ||e(0)||/π. Moreover, the amplitude of external disturbances and thruster faults (i.e., u f + d) can be reconstructed after finite-time T r with zero estimation error. Proof: The dynamic equation for the error e can be obtained from (17) and (18), that is,
Consider a Lyapunov candidate function as
Hence,V
Using Remark 1 and (15) in P1, it follows that
Applying (23) and Assumptions 1-2 yields the following:
Let λ 2 − 4η(u max + d max ) be equal to π, i.e., λ 2 − 4η(u max + d max ) = π ; with the choice of λ 2 in (19), (22) becomeṡ
Defining a continuous function W 1 (t) = √ 2V 1 (t) = ||e||, one hasẆ
Based the comparison theorem mentioned in [36] , it is certain from (26) that
The definition of W 1 (t) and (27) lead to ||e(t)|| ≡ 0 for all t ≥ T r . Therefore, the sliding motion occurs on e =ė = 0 by the time t = T r . If the state reaches the sliding surface e =ė = 0, the equivalent output injection yields will be handledū
Hence,ū(t) is exactly reconstructed by (λ 2 sgn(e)) eq /η after finite-time T r . Consequently, u f + d can be reconstructed by using (29) in finite-time T r with zero estimation error: (e) ) eq , t ≥ T r (29) According to a low pass filtering operation of λ 2 sgn(e), the equivalent control can be obtained [37] .
B. DESIGN FOR A SLIDING MODE ATTITUDE CONTROLLER WITH FINITE-TIME CONVERGENCE
Here, an SMCC is proposed for attitude stabilization. A sliding surface with a reaching law should be selected as the first step in the control design. A fast terminal sliding surface will be defined as follows according to the information regarding attitude and angular velocity: (30) where α 1 , β 1 , and 0 < γ 1 < 1 are positive scalars,
For the SMC design, the control input usually has a structure of u n = u eq + u disc (31) where u eq is an equivalent control to confirm sliding surface S constant, and it can be handled by settingṠ, S to zero. u disc is a discontinuous control effort that governs the states to reach the sliding surface. To achieve finite-time reaching the sliding surface, here, we employ a control law defined by [38] :
is a scalar, ε 0 represents a strictly positive offset that is less than one, α 2 and γ 2 are strictly positive integers.
Theorem 2: For the satellite attitude system (1)- (2) with thruster faults and disturbances, design u eq and u disc as follows:
With the application of the control structure (31), the states of the system can reach the sliding surface S = 0 in a finite period. Moreover, the controller will govern the angular velocity and the attitude reaching the equilibrium point σ = 0 and ω = 0 in a finite period, separately.
Proof: For representing the stability with finite-time convergence, we first prove finite-time convergence of S and then show a corresponding proof for σ and ω.
1) FINITE-TIME CONVERGENCE OF S
Here, a candidate Lyapunov function V 2 = 0.5S T S is employed. Applying (1) and (14), the time-derivative of V 2 is defined bẏ (35) Inserting (33)- (34) yieldṡ
sgn(e)) eq holds for all t ≥ T r . Hence, it follows from the definition of K /χ(S) in (32) thaṫ
Hence, it can be established from (37) that lim t→∞ V 2 (t) = 0. With the definition of V 2 (t), lim t→∞ S(t) = 0 is guaranteed. Furthermore, it can be obtained from the exponential reaching law (32) thaṫ
As proved in [38] , solving (37) yields that |S i (t)| ≡ 0 for all t ≥ T si , where T si is given by
In a finite-time T s = max i=1,2,3 T si ; thus, all the states of the attitude system can reach the sliding surface S, that is, S(t) ≡ 0 for all t ≥ T s .
2) FINITE-TIME CONVERGENCE OF σ AND ω
When all the states are driven onto S = 0 after finite period T s , (30) becomes
According to the stability criterion regarding the finite period presented in [39] , it can be obtained from (40) that σ i will converge to zero in a finite period T fi :
Thus, the satellite attitude σ converges to σ = 0 in a finite period T f = max i=1,2,3 T fi . In addition, applying σ = 0 and (40) lead toσ = 0 for all t ≥ T f , and then ω = 0 is obtained. Summarizing the above analysis, the following is established:
Therefore, the angular velocity and attitude are governed to zero in finite-time T f , the attitude stabilization is accomplished in a finite period. The proof is completed.
IV. SIMULATION RESULTS
To demonstrate the effectiveness of the presented controller, an example of a rigid satellite is considered, and multiple simulations are performed. The principal moments of inertia of the considered satellite are J 11 = 45 kgm 2 , J 22 = 50 kgm 2 , and J 33 = 47.5 kgm 2 . The inertia products are smaller than 0.5 kgm 2 . To illustrate the robustness towards external disturbance torque, d is assumed as follows:
The satellite has twelve thrusters. Those twelve thrusters are assumed to be symmetrically distributed on three axes of F b . The distribution matrix can be determined simply by the distance r n i when the propulsion force is perpendicular to the corresponding axis. Fig. 1 is the mechanical configuration of the thrusters. Pulse delay and duration are used for the thrusters, which can provide a nominal force F n of 1 N. Table 1 lists the relative data of the nominal positions and orientation of the thrusters. • When the thruster is switched-on, a random misalignment corresponding to the thrust misalignment is considered. In such case, this misalignment model is just Gaussian noise on both the azimuth α i and the elevation angles β i , with a standard deviation of 2.5% for each.
• The supplementary position of thruster r i , i = 1, 2, . . . , 12 follows a Gaussian noise model, with a standard deviation of 4% for each.
• For the first six thrusters (i.e., T1 ∼ T6), the force delivered is modeled with a nominal value signal of F n = 1 N deteriorated by a zero-mean Gaussian noise model with a standard deviation is 0.2 N. For the i th thruster, i = 7, 8, . . . , 12 the decrease in the amount of thrust caused by mass reduction is simulated. This faulty thrust F i is modeled according to the following expression:
B. CONTROL PERFORMANCE When the attitude system is accompanied by the control method, the incorporated observer results exhibit good estimation performance. The error between u f + d and its estimation value are represented in Fig. 2 . The equivalent output injection sliding mode observer achieves a finitetime estimation of thruster faults and external disturbances. That finite period of time is approximately 6.5 seconds, i.e., T r = 6.5 seconds.
Because of the precisely reconstructed information of the thruster faults and external disturbances derived from the sliding mode observer (18) , the proposed control input u n can reject external disturbances and further compensate for actuator faults completely. Consequently, the TSMCC can successfully accomplish attitude stabilization maneuver in a finite period. The resulted attitude control performance is illustrated in Fig. 3. Fig. 4 illustrates the steady-state behavior; the attitude is stabilized in a finite time period of T f = max i=1,2,3 T fi = 6.85 seconds, while the attitude control accuracy is |σ i | ≤ 2.0 × 10 −8 , i = 1, 2, 3. The response of angular velocity is shown in Fig. 5 . As we can see in Fig. 6 , the angular velocity is finally stabilized with an accuracy of |ω i | ≤ 1.0 × 10 −7 rad/sec in finite-time T f = 6.85 seconds. The corresponding commanded control torque is illustrated in Fig. 7 .
To further validate the function of the presented control and to provide a comparison, simulation by using the robust adaptive fault tolerant controller (RAFTC) developed in [14] is conducted while the satellite attitude is maneuvering. Fig. 8 represents the time response of satellite attitude with RAFTC. Its steady-state behavior is shown in Fig. 9 . It is seen that the attitude of satellite can be stabilized in almost 100 seconds within 2.0 × 10 −4 , i.e., |σ i | ≤ 2.0 × 10 −4 , i = 1, 2, 3. The obtained angular velocity is shown in Figs. 10-11 . The associated nominal control input is illustrated in Fig. 12 . Moreover, the following are found: • Comparing Fig. 4 with Fig. 11 , it is seen that time required to stabilize the attitude by the proposed control is much shorter than that of the RAFTC. Only 6.85 seconds are required for the proposed controller, whereas the RAFTC requires almost 100 seconds. This improved performance is because the proposed strategy is developed within the framework of TSMC, thus allowing it to have the capability to achieve control goal with finite-time convergence.
• From the comparison between Fig. 6 and Fig. 11 , it is found that the control accuracy of angular velocity obtained from RAFTC is quite inferior to the control approach in this work because RAFTC can only guarantee that the attitude and the angular velocity converge to a small set including the origin. In contrast, the scheme presented in this article can stabilize both parameters mentioned above to zero. Summarizing the above comparison results, it is obtained that the presented control scheme shows good performance compared with the controller presented in [14] . In addition, a faster response and higher pointing accuracy for the satellite can be obtained by the proposed solution.
V. CONCLUSIONS
This paper presented a proposed sliding-mode based attitude stabilization control law for a rigid satellite. The proposed control scheme has two parts: one part involves a sliding mode observer with an equivalent output injection to reconstruct external disturbances and actuator faults, and the other part is a TSMCC. The approach has two remarkable improvements compared with the previous works on sliding mode based attitude control. First, the presented method can handle actuator uncertainties, including misalignments and faults, simultaneously. Second, the proposed strategy can asymptotically stabilize the satellite attitude with finite-time convergence. Although the developed method was found to guarantee good attitude control performance, it can also be enhanced further. For example, the implementation of the controller required exact knowledge of the satellite inertia. Extension of these results to situations handling an uncertain mass moment of inertia would be extremely beneficial. 
